A new ion-imprinted polymer (IIP) was synthesized by thermal copolymerization of bis(2- 
Introduction
Thorium is widely used in various areas, such as optics, radio, aeronautics, and the chemical industry.
1 More importantly, thorium is a promising fuel for the next generation of nuclear power plants. 2 In general, thorium, uranium, rare-earth elements and iron oen coexist in minerals as well as in waste water. 3, 4 Because thorium has both chemical toxicity and radioactivity, 5 it is necessary to detect and remove Th 4+ in waste water. Up to now, many methods have been applied, such as liquid-liquid extraction, 6 solid phase extraction (SPE), 7 ion exchange, 8 extraction chromatography, 9 membrane separation 10 and so on. Among all the methods, SPE is widely used because of exible working conditions and simple procedures. In the eld of SPE, it is most important to synthesize an adsorbent with high selectivity towards the target ion.
11
Ion-imprinted polymers (IIPs) are a new kind of adsorbent for SPE, and are usually prepared by the copolymerization of a functional ligand and a cross-linker in the presence of template ion. [12] [13] [14] Because of its memory effect on the template ion, the IIP can extract the target ion with good selectivity. Therefore, IIP is oen used to separate and pre-concentrate trace metal ions. 15, 16 In the preparation of IIP, understanding the formation of complex compounds between metal ions and functional ligands is very helpful. Thus, many researchers studied the interaction between metal ion and functional ligand to guide their syntheses of IIPs.
17-20
With respect to the SPE of Th 4+ , IIPs exhibit good performances. Buyuktiryaki -IIPs on the surface of silica gel by using 1-phenyl-3-methylthio-4-cyano-5-acrylicacidcarbamoylpyrazole as functional ligand, which was used to pre-concentrate Th 4+ before the analysis with UV-vis spectro-photometry. In the syntheses of Th
4+
-IIPs, many functional ligands were used, which is summarized in Table 1 . It can be found that most of the monomers own carboxyl or amino groups, leading to the optimum pH value of the IIPs between 3 and 5. When the pH value was lower than 3, the adsorption capacities of these IIPs decreased dramatically. For example, the magnetic Th 4+ -imprinted chitosan resin prepared by Huang and his coworkers had a large adsorption capacity of 147.1 mg g À1 in a solution of pH ¼ 4, but the adsorption capacity was no more than 10% of the maximum value at the pH value of 1. 23 However, in some practical cases, it is necessary to extract Th 4+ in high acidity environment. 
Experimental

Reagents and instruments
Bis(2-methacryloxyethyl) phosphate (BMAOP, N/A, J&K Scientic, China), ethylene glycol dimethacrylate (EGDMA, 98%, Acros, Belgium) and dimethyl phosphate (DMP, 98%, Acros, Belgium) were used as received. Azobisisobutyronitrile (AIBN, A.R., Beijing Yili Fine Chemical Products Inc., China) was puried by recrystallization. Ultrapure water was used throughout the experiments. All other chemical reagents used in this study were of analytical grade and used without further purication. The concentrations of all the metal ions were determined by inductively coupled plasma-atomic emission spectrometer (ICP-AES, Leeman, USA) with relative standard deviation (RSD) below 5%. Thermo-gravimetric analysis (TGA) was carried out using a TGA-DSC-DTA (Q-600 SDT, Thermal Analysis Co., USA). The Brunauer-Emmett-Teller (BET) surface area was measured using an accelerated surface area & porosimetry system (ASAP 2010, Micrometer, USA). FT-IR spectra were recorded in the frequency range of 400-4000 cm À1 using FT-IR spectrometer (Tensor 27, Bruker, Germany).
31
P NMR spectra were obtained with phosphoric acid as external standard by using Bruker-400 MHz NMR (ARX400, Bruker, Switzerland). The elemental analysis was taken by using an Elemental Analyzer (Vario EL, Elementar Analysensysteme GmbH, Germany). A pH meter (Delta 320, MettlerToledo, Switzerland) was used to measure pH values.
Sample for Extended X-ray Absorption Fine Structure (EXAFS) measurement was prepared by mixing Th(NO 3 ) 4 $4H 2 O, DMP and triethylamine (Et 3 N) at a molar ratio of 1 : 4 : 4 in dimethyl sulphoxide (DMSO) in a 2 mL plastic tube, and then measured directly. XAFS measurement at Th L3-edge in transmission mode was performed at the BL14W1 (ref. 38) in Shanghai Synchrotron Radiation Facility (SSRF). The electron beam energy was 3.5 GeV and the stored current was 260 mA (top-up). A 38-pole wiggler with the maximum magnetic eld of 1.2 T inserted in the straight section of the storage ring was used. XAFS data were collected using a xed-exit double-crystal Si (111) monochromator. The energy was calibrated using Zr foil. The photon ux at the sample position was 6.9 Â 10 11 photons per second. The raw data analysis was performed using IFEFFIT soware package according to the standard data analysis procedures. 39 The spectrum was calibrated, averaged, pre-edge background subtracted, and post-edge normalized using Athena program in IFEFFIT soware package. The Fourier transformation of the k 3 -weighted EXAFS oscillations, k 3 Â c(k), from k space to R space was performed over a range of
2.3-10.3Å
À1 to obtain a radial distribution function. And data tting was done by Artemis program in IFEFFIT.
Synthesis of Th
4+
-imprinted polymer (1) and (2).
where C 0 and C e (mg L
À1
) are the concentrations of the metal ions before and aer adsorption, respectively, while V (L) is the volume of the testing solution and W (g) the weight of adsorbent.
In the selectivity studies, 0.0100 g of the IIP (NIP) was shaken with a solution containing both Th 4+ and the other metal ion, where the concentration of each metal ion was 20 mg L À1 . The selectivity coefficient S and the relative selectivity coefficient k 0 were calculated according to eqn (3) and (4).
3. Results and discussion Then
respectively, were synthesized. Meanwhile, the synthesis process of IIP3 is exhibited in Scheme 2. As can be seen from Fig. 3 , the adsorption capacity of IIP3 is the highest. However, NIP shows high adsorption capacity, too, which is slightly higher than that of IIP1. In general, imprinting effect or large surface area always leads to a high adsorption capacity. Herein, the surface areas of IIP1-4 and NIP were determined to be 164, 182, 217, 210, and 196 m 2 g À1 , respectively. For the larger surface area, the adsorption capacity of NIP is slightly higher than that of IIP1. As the imprinting effect, the adsorption capacity of IIP2 is higher than that of NIP although the surface area of IIP2 is slightly lower than that of NIP. The reasons for the large surface area and high adsorption capacity of NIP will be discussed in detail in Sections 3.2.3 and 3.3.3, respectively. We also digested the IIPs, and found that the residual thorium was less than 3 mg g À1 . In other words, the residual thorium in the IIPs has little inuence on the adsorption capacities. Furthermore, the selectivity coefficient (Th 4+ /Eu 3+ ) of IIP3 are obviously higher than those of IIP1, IIP2, IIP4, and much higher than that of NIP (Fig. 3 ). This could be ascribed to the fact that one Th 4+ ion coordinates with four BMAOP molecules, and excessive or insufficient functional ligands may reduce the (Fig. 4) . All of the spectra show a strong absorption peak at 1725 cm À1 attributed to the stretching vibration of C]O group and a peak at 1160 cm À1 assigned to the stretching vibration of P]O
group. These peaks demonstrate that BMAOP has been successfully copolymerized with EGDMA, and IIP3 has an identical composition as NIP. Aer washing, the absorption at 1022 cm À1 , the stretching vibration of S]O group, diminished, indicating the leaching of the residual DMSO.
Thermal analysis (TGA).
Thermal stabilities of the IIP3 and NIP particles were investigated by thermo-gravimetric analyses (Fig. 5) . In the measurement process, the samples were heated from room temperature to 600 C with a heating rate of 10 C min À1 in air atmosphere. The TGA plots of IIP3 and NIP are very similar, indicating their identical components. Since the thermal decomposition temperatures of IIP3 and NIP are up to 240 C, they can be used stably in the common environments.
Surface area analysis.
The surface area is an important parameter for adsorption materials which affect the adsorption kinetics and capacity greatly. Generally, it is believed that materials with larger surface area have a higher adsorption capacity. 40 Herein, the BET surface areas of the IIP3 and NIP were 217 and 196 m 2 g À1 , respectively, and they had similar pore size (IIP3: 0.46 nm, NIP: 0.49 nm) and pore volume (IIP3: 8.4 cm 3 g À1 , NIP: 9.9 cm 3 g À1 ). The large surface areas of IIP3 and NIP may be ascribed to the presence of DMSO in the preparation process. The functional ligand (BMAOP) has a similar methacryloxyethyl part as the cross-linker (EGDMA), leading to a similar polymerization ability. Since DMSO has a good thermodynamic compatibility for poly(EGDMA), the phase separation will be late in the polymerization, resulting in IIP3 (NIP) with large surface area. (Fig. 6 ). With the increase of the HCl concentration, the adsorption capacity of IIP3 decreases, while that of NIP increases to a maximum value at pH ¼ 2 and then decreases. Moreover, the IIP3 exhibits a greater retention capacity than NIP at pH < 1 and pH > 2, while their retention capacities are almost identical at the pH range of 1-2. This interesting phenomenon may be attributed to the competition adsorption. In acidic solution, H + competes with Th 4+ for combining the phosphoric acid group on the polymer, which becomes much serious at pH < 1. When the pH value is higher than 2, the Th 4+ starts to hydrolyze, and OH À competes with the phosphoric acid group in the binding of Th 4+ . These two competitions lead to the fact that the adsorption capacity of NIP reaches its maximum value at pH ¼ 2. While, in the intense competition situation, the specic binding sites in the IIP3 can combine with Th 4+ more effectively than the randomly distributed functional groups in the NIP, leading to a larger adsorption capacity at pH < 1 and pH > 2. The IIP3 has a maximum adsorption capacity of 53.5 mg g À1 at pH ¼ 3.5, which is comparable with the theoretical capacity (52.1 mg g À1 ) estimated according to the feed ratio. Different from the Th 4+ -IIPs reported in the literature which hardly adsorb Th 4+ at pH ¼ 1 (Table 1) , the Th 4+ -IIP3 has 50% of the maximum adsorption capacity in 1.0 mol L À1 HCl and still has 25% of the maximum adsorption capacity even in 6.0 mol L À1 HCl. It may be attributed to the low pK a value of the functional ligand, and the strong coordination interaction between Th 4+ and phosphoric acid group. To investigate the adsorption ability of the Th 4+ -IIP3 in high acidity environment, the following experiments were performed in 1.0 mol L À1 HCl.
Adsorption kinetics.
According to the effect of time on the adsorption of Th 4+ from aqueous solutions (Fig. 7) , the equilibrium times of IIP3 and NIP were determined to be ca. 8 h.
To guarantee adsorption equilibrium, the adsorption time was chosen to be 12 h in the following studies.
To explore the mechanism of adsorption kinetics, two different kinetic models were applied to t the experimental data, i.e., the pseudo-rst-order kinetic model (eqn (5)) and the pseudo-second-order kinetic model (eqn (6)).
where Q e (mg g À1 ) and Q t (mg g À1 ) are the adsorption capacities at equilibrium and at time t (h), respectively; k 1 (h À1 ) and k 2 (mg g À1 h À1 ) are the adsorption rate constants related to pseudorst-order and pseudo-second-order kinetic models, respectively. The pseudo-rst-order kinetic model assumes that the rate of adsorption site occupation is proportional to the number of unoccupied sites, while the pseudo-second-order kinetic model corresponds to the chemical reaction mechanisms, in which the adsorption rate are controlled by chemical adsorption via sharing or exchange of electrons between the adsorbate and adsorbent. 42 In this study, the pseudo-second-order kinetic model is much better than the pseudo-rst-order kinetic model in the tting of the experimental data ( Fig. 7 and Table 3 ), suggesting that the adsorption is a chemical coordination process.
3.3.3 Adsorption isotherm. The adsorption capacities of IIP3 and NIP increased with the increase of equilibrium concentrations (Fig. 8) . The isothermal adsorption data were analyzed with the Langmuir (eqn (7)) and Freundlich (eqn (8)) equations.
where , the difference of adsorption capacities between IIP3 and NIP becomes smaller (Fig. 8) 3.3.5 Reusability. The reusability is one of the important performances of IIPs, affecting their practical application. To test the reusability of the polymers, subsequent sorption and desorption cycles were performed using 0.0050 g IIP3 (NIP), in which 10 mL 20 mg L À1 Th 4+ in 1.0 mol L À1 HCl was used in the adsorption process and 10 mL 0.1 mol L À1 Na 2 EDTA was applied in the leaching experiment. As shown in Fig. 10 , the adsorption capacities of the IIP3 and NIP hardly decrease aer ve cycles, indicating that the Th 4+ -IIP3 (NIP) has good reusability in high acidity environment.
Conclusions
For the rst time, a new Th
4+
-IIP that could be used in high acidity environment was synthesized using BMAOP as functional ligand. The molar ratio of the functional ligand to Th 4+ was optimized to be 4 by 31 P NMR titration, elemental analysis, and EXAFS, which was veried by comparing the adsorption capacities and selectivities of Th . Moreover, the IIP3 can be reused for at least ve times without obvious loss of adsorption capacity. Therefore, the prepared Th ) in high acidity environment for the treatment of the real samples. 
